The cognitive component of motor adaptation declines with aging. Yet, in other motor tasks, older 11 adults appear to rely on cognition to improve their motor performance. It is unknown why older adults 12 are not able to do so in motor adaptation. In order to solve this apparent contradiction, we tested the 13 possibility that older adults require more cognitive resources in unperturbed reaching compared to 14 younger adults, which leaves fewer resources available for the cognitive aspect of motor adaptation. 15
Introduction

24
Several characteristics of movement are affected by aging, such as movement speed (Diggles-Buckles, 25 1993), reaction times (Fozard et al., 1994) , and motor coordination (Serrien et al., 2000) . These 26 movement changes result from a broad range of physiological (e.g. muscle fatigue, muscle atrophy, 27 sensory function decline, cartilage reduction) (Jubrias et al., 1997; Lindle et al., 1997; Martin and 28 The increased (compensatory) brain activity in elderly is often located in frontal brain regions such as 93 prefrontal cortex (Mattay et al., 2006; Schneider-Garces et al., 2009; Cappell et al., 2010) which is a 94 region that is highly affected by aging as evidenced by structural (Raz and Rodrigue, 2006) and 95 connectivity deficits (Madden et al., 2010; Nagel et al., 2011) . At the same time, brain regions 96 responsible for the explicit component of adaptation, are most likely frontal lobe regions, including 97 lateral and medial aspects of prefrontal cortex as well as premotor cortex (Shadmehr and Holcomb, 98 1997; Krakauer et al., 2004; Mcdougle et al., 2016) . Together, prefrontal cortex appears to be the 99 region where both age-related compensatory brain activity takes place, and the region that might be 100 responsible for the explicit component of adaptation. This might indicate that the same (prefrontal) 101 cognitive resources are required for compensation with aging and are responsible for motor 102 adaptation decline. 103
The amount of cognitive resources applied during a motor task can be assessed with cognitive-motor 104 dual-task experiments (Boisgontier et al., 2013) . In cognitive-motor dual-task experiments, a cognitive 105 task is performed during a motor task which reduces motor and/or cognitive performance. The 106 reduction of performance can be quantified as a dual-task cost (Li and Lindenberger, 2002; Boisgontier 107 et al., 2013) . Dual-task costs show that cognition is involved in motor tasks; this is the case even in 108 natural motor tasks such as standing with stable posture (Boisgontier et al., 2013) . A link between 109 cognitive resources in baseline movement and explicit adaptation would show that the deficit of 110 explicit adaptation with aging could be defined as a resource competition problem ( Figure 1) : 111
Resources that are necessary for the adaptation process are already used for allowing simple reaching 112 movement. 113 In order to answer this question, we designed two cognitive-motor dual-task experiments that allowed 114 us to quantify the amount of cognitive resources used during simple reaching movements with a dual-115 task in the baseline of a motor adaptation experiment. A response inhibition task was selected as a 116 cognitive task during the first dual-task experiment since it would reduce attention for the reaching 117 task. This task requires responding quickly to visual stimuli, which could interfere with the visual 118 feedback from the reaching task. At the same time, this task requires filtering distracting stimuli and is 119 therefore suited to assess selective attention (Kopp et al., 1994) . A working memory capacity task was 120 selected as a cognitive task during the second dual-task experiment since working memory is known 121 to be linked to explicit adaptation (Anguera et al., 2010 (Anguera et al., , 2012 Christou et al., 2016) . Therefore, the 122 working memory task would interfere with resources that are required for motor adaptation. 123 Material and methods 124 Participants 125 A total of 143 healthy adults were recruited and participated after providing written informed consent. 126
Eighty-one participated in experiment E1 and 62 participated in experiment E2. 127 All 81 participants were included in the final analyses for experiment E1. These 81 participants 128 consisted of 41 young adults (between 20 and 35 years old, age: 23.1 ± 3.5 years, mean ± SD; 25 129 females) and 40 older adults (between 60 and 75 years old, age: 67.5 ± 4.5 years; 23 females). Sixty-130 two of the 81 included participants were the same participants as in paradigm 3 of Vandevoorde and 131 Orban de Xivry (2019b). They participated in experiment E1b (same as cued visuomotor rotation in this 132 paper) and E4 of this last-mentioned paper. Afterwards eleven young and ten older participants were 133
subsequently recruited for the current study in the context of a master student project. 134
All 62 participants were included in the final analyses for experiment E2. These 62 participants 135 consisted of 30 young adults (between 20 and 32 years old, age: 22.9 ± 2.7 years, mean ± SD; 15 136 females) and 32 older adults (between 61 and 75 years old, age: 67.6 ± 4.5 years; 13 females). 137
The Edinburgh handedness questionnaire (Oldfield, 1971 ) was used to confirm that all participants 138 were right-handed. All participants were screened with a general health and consumption habits 139 questionnaire. None of them reported a history of neurological disease or were taking psychoactive 140 medication. In older adults general cognitive functions was assessed using the Mini-Mental State 141 Examination (MMSE) (Folstein et al., 1975) . All elderly scored within normal limits (MMSE-score ≥ 26). 142
The protocol was approved by the local ethical committee of KU Leuven, Belgium (project number: 143 S58084). Participants were financially compensated for participation (10 €/h). 144
Experimental setup
145
Participants were seated in front of a table. With their right hand, participants performed a reaching 146 task on a digitizing tablet (Intuos pro 4; Wacom) with a digitizing pen. A wooden cover above the tablet 147 prevented participants from receiving visual feedback of their moving arm. Movement trajectories 148 were recorded at 144 Hz. The only visual feedback was displayed on a 27 inch, 2560 x 1440 optimal 149 pixel resolution LCD monitor with 144 Hz refresh rate (S2716DG, Dell), vertically mounted in front of 150 the participant. 151
Assessment of dual-task cost 152
Overall dual-task design 153
In the flanker dual-task experiment (E1) (Figure 2A ), the first part of the experiment (260 trials) was 154 designed for assessing the dual-task cost during baseline of the cued motor adaptation task. 155 6 to a target with the right (dominant) hand and a flanker task with the left hand. Each block of 60 trials 158 consisted of the single reaching motor-task (20 target reaching trials), the single flanker cognitive-task 159 (20 reaction time inhibition trials) and the cognitive-motor dual-task (20 combination of reaching and 160 reaction time trials). Before the experiment, each participant performed 30 familiarization trials to 161 make sure that they understood the instructions and that they performed the task correctly. These 162 familiarization trials consisted of 10 target reaching trials, 10 flanker trials and 10 combination trials. A 163 break of 60 seconds was applied before trial 141 of the dual-task. 164
Similar as in the flanker dual-task (E1), the first part of the working memory dual-task (E2) ( Figure 2B ) 165 (150 trials) was designed for assessing the dual-task cost during baseline of the cued motor adaptation 166 task. The two separate tasks used in the dual-task were target reaching and a working memory capacity 167 task, both executed with the right dominant hand. The dual-task consisted of a single reaching motor-168 task, a single working memory capacity (WMC) cognitive-task and the two tasks combined. The 169 cognitive-motor dual-task consisted of 150 trials, which was a repetition of 50 times a three-trial block 170 (one target reaching trial, one working memory trial and one combination trial). At the start of the 171 experiment, participants could practice the dual-task with five three-trial blocks, with exactly the same 172 configuration as the real dual-task. This was important to get familiarized with every aspect: e.g. timing 173 of task, answering for working memory capacity, reaching speed. Breaks of 30 seconds were 174 introduced before trial 51, 102 of the dual-task. 175 176 7 177 Figure 2: Cognitive-motor dual task paradigms. Explicit adaptation level was assessed with cued motor adaptation. A change 178 in cursor color indicated the presence or absence of a 40 ° visuomotor rotation. In the baseline of the cued motor adaptation 179 experiment, a dual-task was introduced to quantify the amount of cognitive resources applied during unperturbed reaching.
180
Two designs of the dual-task were used: A) Flanker dual-task design (E1). The cognitive-motor dual-task consisted of a 181 combination of an unperturbed target reaching task and a flanker task. During the flanker task, participants had to indicate 182 the direction of the middle arrow among several arrows as fast as possible. B) Working memory dual-task design (E2). The 183 cognitive-motor dual-task consisted of a combination of unperturbed target reaching and a visual working memory task. In 184 the visual working memory task, participants had to remember positions of red dots, which were presented in a circular array. 
Target reaching task (single motor-task) 187
For the target reaching, participants were instructed to make fast and straight shooting movements 188 through the targets without stopping in the target. The participants held a digitizing pen in their right 189 hand as if they were writing. They were instructed to always touch the surface of the tablet with the 190 tip of this pen and to move their right arm and not only their wrist. The goal of each reaching 191 movement was to slide through a target with a white cursor. Targets were presented at nine possible 192 locations in E1 and ten locations in E2. The targets were evenly distributed on a circle 10 cm away from 193 the starting position. 194
The reaching target was always a single white circular target. The diameters of the starting point and 195 the target were both 10 mm and the feedback cursor had a diameter of 5 mm. The feedback cursor, the arc in order to return to the starting location. The arc allowed participants to return to the starting 207 position and at the same time prevented the participants from using the visual feedback during the 208 return movement to learn about the perturbation. In the working memory dual-task (E2), no return 209 arc, but normal cursor feedback was used. To receive points, participants were required to reach the 210 target between 175 and 375 ms after movement onset. If the reaching movement was too slow, a low 211 pitch sound was played and the target color switched from white to purple. If the reaching was too 212 fast, a high pitch sound was played and the target color switched from white to red. 213
214
In the working memory dual-task (E2), the only differences with the target reaching of the flanker dual-215 task design (E1) were the number of targets, the score system, and the timing of the trials. In this 216 reaching task, in E2 ten targets were used instead of nine in E1. In E2, 50 single reaching trials were 217 used, such that each target could be repeated five times. When hitting the target with the correct 218 speed (i.e. between 125 and 375 ms), participants received 50 points. In E1, they could receive bonus 219 points: When hitting targets at successive trials, they received 10 extra bonus points for each extra 9 they received 25 points and no bonus points. The cumulative score of all previous trials was displayed 222 throughout the experiment. In flanker dual-task (E1), at the end of a target reach, the feedback cursor 223 froze for 1.5 s in order to mark the reaching accuracy. In the flanker dual-task (E1), at the end of the 224 feedback period, the participant had to move the tip of the pen back to center of the tablet and wait 225 there between 350ms and 850ms (in steps of 50ms) in order to initiate the next trial. If participants 226 were slower than 5 s, the next trial would automatically initiate. The timing of each reaching trial was 227 strictly controlled in E2, such that one trial took exactly eight seconds while in E1 the duration of each 228 trial could be different. In E2, a fixation cross was first displayed for three seconds. Then the 229 participants had to reach before fixated again two seconds. Immediately after the reaching movement, 230 extra fixation time was added in order to obtain a fixed time duration of eight seconds per trial ( Figure  231 2B). In case, they exceeded the eight seconds per trial, the next trial would be initiated. 232
Cognitive task (single cognitive-task) 233
In E1, the cognitive task was a flanker task, adapted from Eriksen and Eriksen (1974) . In this task, an 234 uneven number of left or right pointing arrows were presented to the participant. Participants needed 235
to answer with a left or right key press whether the middle arrow was pointing to the left or right 236 direction. The arrows surrounding the middle arrow could either have congruent directions (>>>>>) or 237 incongruent directions (>><>>) with respect to the middle arrow. Reaction times are reported to be 238 lower with incongruent flanker arrows (Kopp et al., 1994) . This task was executed with the left hand. 239
The goal for the participant was to indicate the direction of the middle arrow as fast as possible. The 240 next trial was initiated immediately after pressing the left or right key. All blocks consisted of 20 flanker 241 trials with the middle arrow randomly presented to the left or the right side. In addition, each of these 242 blocks contained 10 congruent and 10 incongruent trials. We repeated the same order (number of 243 arrows and congruency) of 20 flanker trials for the single-task block and the subsequent dual-task 244 block. The flanker task was modulated from the beginning towards the end of the dual-task baseline 245 by gradually increasing the number of flanker arrows from block to block from two (first repetition) to 246 eight (last repetition). 247
248
In E2, the cognitive task was a working memory capacity task (McNab and Klingberg, 2008; Christou et 249 al., 2016) . Sixteen (empty) white squares (1.9 cm x 1.9 cm) were presented in a circular array (11.2 cm 250 diameter) for 1 second ( Figure 2B ) on a monitor. Two, three, four, five or six red circles (0.8 cm 251 diameter) were visualized for two seconds in the 16 white squares with each red circle presented 252 randomly in one of the 16 squares. Participants were asked to remember the positions of the 253 presented red circles. After these two seconds, participants fixated on a white cross (0.6 cm x 0.6 cm) 254 for three seconds. Afterwards they were asked whether a probed location corresponded to a position 255 that contained a red circle before. They had two seconds to give their answer by moving a cursor to 256 the right side, to the "yes answer"-target, or to the left side, which was the "no answer"-target. 257
Participant could move the cursor on the monitor by moving the pencil on the tablet. In total, one trial 258 had a fixed time duration of eight seconds. In total 50 trials were used for the single-task condition. 259
Each trial contained two, three, four, five or six red circles (10 trials/condition) with all conditions 260 randomly mixed. Of the 10 trials for each condition, five trials were "no answers" and five trials were 261 "yes answers". 262
Cognitive-motor dual-task design 263
In E1, a cognitive-motor dual-task trial was a combination of the above-described target reaching 264 (motor) and flanker (cognitive) task in one trial. The trial started as a target reaching trial. However, at 265 the end of the reach, arrows were presented at the position of the target, instead of the feedback on 266 the reaching accuracy. This feedback was presented after the participants had indicated the direction 267 of the middle arrow. Participants were instructed to first reach to the target as accurately as possible 268 by moving the right hand and immediately afterwards perform the correct left/right key press as fast 269 as possible with the left hand. The cognitive-motor dual-task was expected to have a negative effect 270 on both motor and cognitive performance compared to single-task performance: a decreased accuracy 271 or increased reaction time for the target reaching and a decreased accuracy or an increased reaction 272 time for the flanker task. The reward-feedback (score system) was the same as in the single-task 273 conditions. Since reward was implemented for the reaching trials but not for the flanker task, task 274 priority might be expected in favor of the reaching task. The instructions did not specify task priority, 275 but we asked participants to do their best for both tasks. 276
In E2, a cognitive-motor dual-task trial was a combination of the above-described target reaching 277 (motor) and working memory (cognitive) task in one trial. A dual-task trial started with the 278 presentation of 16 white squares for 1 second. Next, the two to six red dots were visualized for two 279 seconds. Immediately after this, participants performed a target reaching movement, after which extra 280 fixation time was added to obtain three seconds in total for the reaching part. Finally, they gave their 281 answer to the working memory capacity task by moving the cursor to the "yes" or "no"-location. They 282 had two seconds to execute this last part. Again, every trial had a strictly controlled time duration of 283 eight seconds. We matched trial duration for the single-and dual-task condition in order to avoid that 284 a difference in trial duration would cause a difference in performance between single-and dual-task 285 trials. Participants performed 50 dual-task trials in total, such that every condition (2-6 red dots) of the 286 working memory capacity trial could be repeated 10 times and each of the ten targets could be reached 287 to five times. All conditions were pseudo-randomly mixed. The reward-feedback (score system) was 288 the same as in the single-task conditions. In other words, the points obtained for one successful 289 working memory trial was twice that for the points for one successful reaching trial. However, bonus 290 points could also be obtained in the reaching trials. The instructions did not specify task priority. 291
Participants were instructed to obtain as many points as possible by doing their best for both tasks. 292
Assessment of explicit and implicit component of adaptation with cued adaptation experiment 293
In E1, explicit adaptation level was assessed with cued motor adaptation. A change in cursor color 294 indicated the presence or absence of a 40 ° visuomotor rotation. The cued motor adaptation paradigm 295 consisted of a baseline block of 20 trials, a learning block of 81 trials (9 cycles), a first washout of 99 296 trials (11 cycles), a relearning block of 81 trials (9 cycles) and a second washout of 81 trials (9 cycles). 297 A single start point location (filled red circle in Figure 2B ) was used. Nine targets were presented during 298 reaching trials of the dual-task baseline and during baseline and washout trials of the cued motor 299 adaptation paradigm. Three targets (filled black circles in Figure 2B ) were used during learning blocks 300 of the cued motor adaptation paradigm. 301
In E2, immediately after the dual-task baseline, a short reaching baseline of 45 trials (5 cycles) was 302 implemented. A learning block of 162 trials (18 cycles) and a short washout of 27 trials (3 cycles) 303 followed the baseline. The learning block was designed to assess explicit adaptation by using the cued 304 motor adaptation paradigm. Target configuration for cued motor adaptation was the same as in E1 305 ( Figure 2B ). 306
Cued motor adaptation was designed for assessing implicit and explicit adaptation, the methods and 307 results of this cued motor adaptation experiment were already described in Vandevoorde and Orban 308 de Xivry (2019b) as experiment E1b. It is a visuomotor rotation experiment, adapted from experiment 309 4 of (Morehead et al., 2015) with a perturbation magnitude of 40 °. 310
During baseline and washout blocks of the cued adaptation task of experiment E1, we used the same 311 nine targets as in target reaching, spaced 40° apart (from 20° to 340°). The targets were presented 312 pseudo-randomly in cycles during baseline and washout with each of the nine targets presented once 313 per cycle. During learning blocks, only three targets were used, spaced 120° (60°,180°,300°) (filled black 314 targets). Therefore, in the learning blocks, 9-trial-cycles consisted of three 3-trial-subcycles. In each 315 subcycle each of the three targets was presented once. Both learning blocks consisted of 9 cycles (or 316 27 subcycles or 81 trials). The cursor dot remained white during the baseline and washout blocks. In 317 contrast, during the two adaptation blocks, the cursor became a pink square (i.e. cued trial) instead of 318 a white cursor dot. This cue indicated the presence of a 40° rotation. In each adaptation block, the 319 cursor became again a white cursor dot (i.e. uncued trials) for a few trials, indicating the absence of 320 the perturbation. The instructions were: "First, the cursor will be a white dot, but at some point the 321 cursor will change to a pink square. At that moment, something special will happen but you still have 322 to try to do the same thing, reach to the target with the cursor. The cursor will sometimes change back behavior induced by the cue was thus a measure of the explicit component of adaptation as 325 participants could use the cue to switch off any conscious strategies they were applying to counteract 326 the perturbation (Morehead et al., 2015) . We reinforced the awareness of cue switches (signaling a 327 cued trial among uncued ones or an uncued trial among cued ones) with a warning sound played for 328 each cue switch and with a text that indicated the cue switch, displayed for 5 s: 'Attention! The color 329 of the cursor has changed.' Nine uncued trial were presented per adaptation block (trials 7, 16, 25, 35, 330 45, 53, 61, 72 and 81) . These uncued trials were equally distributed among the three targets (three 331 uncued trials per target). In E1, breaks of 60 seconds were introduced in the cued adaptation 332 experiment before trial 15, 95, 175 and 275. These breaks were respectively 5 trials before the onset 333 of the first perturbation block, 6 trials before onset of the first washout block, 25 trials before the onset 334 of the second perturbation and 6 trials before the onset of the second washout. 335
In E2, cued motor adaptation was similar as in E1. The main differences were the number of learning 336 blocks and the timing of the trials. This time only one learning block (162 trials) was used instead of 337 two learning blocks (2 times 81 trials). One trial of cued adaptation experiment (E2) took exactly 4.5 338 seconds. First, participants performed a target reach. Immediately after the reaching, extra fixation 339 time was added in order to obtain exactly 4.5 seconds per trial. After 4.5 seconds, the next trial started 340 automatically. If participants exceeded 3 seconds for the reaching movement, a warning sign was 341 shown and a high pitch was played in order to instruct participants to speed up. The correct reaching 342 time was between 175 ms and 375 ms, which was indicated with a target color change. If reaching 343 time was above 375 ms, the target became purple. If reaching time was below 175 ms, the target 344 became red. Two breaks of 1 min were given to participants, one before the 4 th cycle (trial 36) of the 345 baseline and one before the 9 th cycle (trial 81) of the learning block. 346
Preregistration 347
The flanker dual-task (E1) study was preregistered online: http://aspredicted.org/blind.php?x=wj3im4. 348
This preregistration included the main hypotheses, the key dependent variables, the amount of 349 participants, the main analyses and some of the secondary analyses investigated. In the 350 preregistration, we mentioned that we would include 30 participants per group. However, in the end, 351 we included 21 additional subjects (11 young, 10 older adults) for this preregistered study (E1) in the 352 context of a master student project but these additional participants did not change the outcome of 353 our study. 354
The main pre-registered analysis tested for a significant negative correlation between explicit 355 adaptation and dual-task cost. 356
Cognitive assessment 357
Visuospatial working memory capacity 358
During the flanker dual-task experiment (E1), participants performed a working memory task. The task 359 is the same as described in Christou et al., 2016 , but is slightly different from the working memory 360 dual-task experiment (E2), described above. The main differences with the task of E2 were: 1) Only 361 three, four, five or six red circles (0.8 cm diameter) were used (the two target condition was not used); 362
2) The timing of the events was the same in both task, except that, here, participants had three 363 seconds to indicate the right answer instead of two seconds; 3) Indicating the right answer was 364 performed by making a button press, instead of moving the cursor to a "yes answer" location or a "no 365 answer" location; 4) After the three seconds for responding, they had to fixate on a small blue cross 366 (0.2 cm x 0.2 cm) for one second; 5) In total, one trial had a fixed time duration of nine seconds, instead 367 of eight seconds. All participants had a first practice session of eight trials. After this, each participant 368 had to complete 40 trials instead of 50 trials as in experiment E2. The 40 trials contained three, four, 369 five or six red circles (10 trials/condition) with all conditions randomly mixed. 370
Data availability 371 All data, analysis scripts and supplementary materials are available on Open Science Framework: 372 https://osf.io/ks2j8/ 373 Data analysis 374 Analyses of E1 were preregistered, while analyses of E2 were performed without preregistration. 375
Preprocessing 376
All analyses and statistical calculations were performed in MATLAB 2018b (The MathWorks). For each 377 reaching movement, the hand angle (relative to target angle) was calculated from the first data point 378 exceeding 4 cm distance from the middle of the starting point. The time for reaching 4 cm was on 379 average 172 ms in E1 and 144 ms in E2. The hand angle was the primary dependent variable in cued 380 adaptation experiments. The angular error is the angle the cursor deviated from the target. Angular 381 errors above 60 ° were due to inattentive reaches to previous target directions and were considered 382 as outliers. These outliers were removed before processing the data. The number of outliers that we 383 removed, constituted 0.81 % of all trials for E2. For E1 this procedure was not implemented but this 384 would not change the outcome of the study. The statistically significant threshold was set at p<0.05 385 for the ANOVA's. We reported effect sizes (eta squared: 2 ) as well as F and p-values. 386
Analysis 1: Final adaptation level 387
To assess the final adaptation level of each participant, we averaged the hand angles of the last 18 388 trials of the learning block. These hand angles were first corrected with the average hand angles of the last 18 baseline trials before each learning block. Statistical comparison was performed with a 2-way 390 ANOVA with two between-subject factors: age group and rotation direction. 391
Analysis 2: Implicit adaptation 392
In E1, we applied the same analysis as described in Vandevoorde and Orban de Xivry (2019) . The first 393 adaptation block was corrected for baseline errors by subtracting the average error of the last 18 trials 394 of baseline. The second adaptation block was corrected by subtracting the average error of the last 18 395 trials of washout. We analyzed the data in all the uncued trials that were preceded by a cued trial (nine 396 uncued trials per learning block). The amount of implicit learning was calculated per learning block as 397 the average of the uncued trials (Morehead et al., 2015) . For each learning block separately, we 398 performed a 2-way ANOVA with the implicit adaptation level as dependent variable and with age and 399 rotation direction as between-subject factors. 400
401
In E2, the adaptation block of cued adaptation was corrected for baseline errors by subtracting the 402 average error of the last 18 trials of baseline. We analyzed the data in all the uncued trials of the 403 learning block (18 uncued trials). The amount of implicit adaptation was calculated as the average of 404 all uncued trials. One 2-way ANOVA was used, with the between-subject factors, age and rotation 405 direction, and with the implicit adaptation as dependent variable. 406
Analysis 3: Explicit adaptation 407
In E1, we applied the same analysis as described in Vandevoorde and Orban de Xivry (2019b) . The 408 amount of explicit learning was calculated by subtracting hand direction in the uncued trials (Analysis 409 2) from the cued trials immediately preceding those (Morehead et al., 2015) . Two separate 2-way 410 ANOVA's were used to analyze the first and second learning block with the explicit adaptation level as 411 the dependent variable and with the between-subject factors, age and rotation. The 2-way ANOVA to 412 analyze the first learning block of experiment E1 was preregistered as a primary analysis. 413
In E2, baseline subtraction of learning block was the same as in Analysis 2. The amount of explicit 414 learning was calculated by subtracting hand direction in the uncued trials from the cued trials 415 immediately preceding those (Morehead et al., 2015) . A 2-way ANOVA was used to analyze the 416 learning block for cued adaptation with the explicit adaptation level as the dependent variable and 417 with the between-subject factors, age and rotation. 418
Analysis 4: Dual-task cost measures 419
In the flanker dual-task, the dual-task cost (DTC) is calculated for each subject in two different ways 420 based on median reaction time (RT) of reaching (motor-task) and the median reaction time of the 421 flanker task (cognitive-task). The first dual-task cost was preregistered:
( 1)
( 2)
In the working memory dual-task design, the dual-task cost is calculated for each subject in two 424 different ways based on reaction time of reaching (motor-task) and WMC (cognitive-task): 425
427
We used two different formulas for calculating dual-task costs, derived from single-task (ST) and dual- was related to a performance increase (e.g. higher working memory capacity). Positive and negative 431 DTC values therefore always corresponded with, respectively, decreased and increased performance 432 from single-to dual-task condition (Doumas et al., 2008; Boisgontier et al., 2013) . 433
Two-sample two-tailed t-tests were applied to verify whether these dual-task costs were different for 434 young and old participants. We also compared dual-task costs with zero reference via one-sample t-435 tests against zero. We reported effect sizes (cohen's d) as well as t and p-values for all t-tests. 436
Analysis 5: Correlation dual-task cost and explicit adaptation 437
Robust linear regression (robustfit in Matlab) was executed between the measure of explicit 438 adaptation and dual-task cost. Robust linear regression was performed in order to verify that 439 correlations were not influenced by between group differences in the variables. Explicit adaptation (Y) 440 was estimated using a linear combination of dual-task cost (X), a binary age vector (G) and the 441 interaction of X and G in the regression equation with intercept A and regression coefficients (B, C, D): 442
Standardized beta coefficients (B, C, D) by first converting variables X and Y to z-scores. 443
Our main prediction was that, especially in elderly people, the two variables (explicit adaptation and 444 dual-task cost) will be negatively correlated. This robust linear regression was preregistered for the 445 flanker dual-task experiment with the motor dual-task cost E1 (Eq. 1). 446
Analysis 6: Working memory capacity (WMC) 447
The computer-based working memory task allows the determination of WMC with the K-value, 448 estimating the number of items that can be stored in working memory (WM) (Vogel et al., 2005) , experiment (Vogel et al., 2005) but differs from what previous adaptation studies (Christou et al., 2016) 451 have used where the K-value (i.e. K56) was obtained from the trials with five and six items only. We 452 chose to measure WMC with all items because it allowed us to better estimate the K-value for elderly 453 than with the K-value with only five and six items. This correlation with working memory capacity 454 measured with all items and overall adaptation was also significant in the study of Christou et al. (2016) 455 (personal communication from Dr. Galea). Two-sample two-tailed t-tests were applied to verify 456 whether the working memory capacity was different for young and old (preregistered as a secondary 457 analysis for E1). Working memory capacity was related to the level of explicit adaptation. Robust linear 458 regression (robustfit in Matlab) was performed in order to partial out the effect of age group on the 459 correlations as explained in Analysis 5. 460
Results
461
It is well established that explicit adaptation is reduced in older adults (Heuer and Hegele, 2008; 462 Vandevoorde and Orban de Xivry, 2019). One hypothesis to explain this reduction is the cognitive 463 resources hypothesis that states that older adults require more cognitive resources compared to 464 younger adults for unperturbed reaches which leaves then fewer cognitive resources available for the 465 adaptation process. To assess the amount of cognitive resources used for reaching movements, we 466 introduced a cognitive task during the baseline period of a visuomotor rotation experiment, which 467 allowed us to estimate the amount of cognitive resources used to reach to targets via the dual-task 468 costs. The higher the dual-task costs the more cognitive resources were required for unperturbed 469 reaching. 470 To quantify the overall effect of age on motor adaptation, we measured its extent by looking at hand 473 angles over the last 18 trials of the first learning block (Analysis 1). We observed a decrease of final 474 adaptation level for older adults in the cued visuomotor rotation experiment ( Figure 3A-B ; learning: 475 F(77) = 8.5, p = 0.005, ɳ²= 0.1; relearning: F(77) = 11.1, p = 0.001, ɳ²= 0.1). We observed no difference 476 between younger adults and older adults for implicit adaptation ( Figure 3C : Analysis 2; Learning: 477 F(1,77) = 3.1, p = 0.08, ɳ²=0.03; Relearning: F(1,77) = 0.3, p = 0.60, ɳ²=0.003). One outlier data point 478 was present in the young adult's group in the first learning block for implicit adaptation ( Figure 3C ). 479
However, removing this outlier would not change the result for implicit adaptation during the first 480 learning block. Explicit adaptation was decreased for older adults in both learning blocks ( Figure 3D ; 481 Analysis 3; Learning: F(1,77) = 4.4, p = 0.04, ɳ²=0.05; Relearning: F(1,77) = 9.5, p = 0.003, ɳ²= 0.10). 482 
489
Flanker dual-task design (E1): No evidence for the cognitive resources hypothesis 490
In a first preregistered study, the flanker task was introduced as the cognitive task during the baseline 491 period in order to assess dual-task costs. According to the cognitive resources hypothesis, we expected 492 a larger dual-task cost in elderly people and a negative correlation between explicit adaptation and the 493 dual-task costs. 494 The motor dual-task cost (Eq. 1) was not different between young and older adults ( Figure 4A , Analysis 495 4; t(79) = -1.6; p = 0.12, d = 0.35), which could indicate that the amount of cognitive resources required 496 for unperturbed reaching was not higher for older adults. In addition, we observed no difference 497 between young and older adults for the cognitive dual-task cost (Eq. 2) ( Figure 4B : Analysis 4; t(79) = 498 0.4; p = 0.66, d = 0.10). These two dual-task costs measures (Eq. 1 & 2) were positive, for both age 499 groups ( Figure 4A Young Old Young Old p = 0.001 9, d = 1.18; Cognitive DTC: Young: t(40) = 7.7, p = 2x10-9, d = 1.21, Old: t(39) = 4.9, p = 2x10-5, d = 0.78). 501 These positive dual-task costs show that the dual-task manipulation worked as the performance of the 502 motor and cognitive tasks was reduced in dual-task condition compared to single-task condition. 503
In addition, we did not find any evidence in favor of the cognitive resource hypothesis as we observed 504 no link between the preregistered motor dual-task cost and explicit adaptation ( Figure 4C , Analysis 5; 505 β = 0.04; p = 0.76). In addition, no relation was observed between the cognitive dual-task cost and the 506 amount of explicit adaptation ( Figure 4D ; Analysis 5; β = -0.07; p = 0.56). As such, we failed to find any 507 evidence for the cognitive resources hypothesis. 508 509 Figure 4: Motor and cognitive dual-task costs: A-B) Dual-task costs were not different for young and older adults. However, 510 the two dual-task costs were bigger than zero for both age groups. C-D) No link was observed between explicit adaptation 511 and dual-task costs. DTC, dual-task cost; I, interaction. Young (n = 41) Old (n = 40)
Flanker dual-task design (E1): Link between working memory capacity and explicit
513 adaptation 514 However, we also quantified working memory capacity (Analysis 6), because a high working memory 515 capacity was linked to an individual's capacity to use an explicit strategy . Working 516 memory capacity was lower for older adults ( Figure 5A : t(76)= 4.46; p = 2.8x10-5, d = 1.01). 517
Furthermore, there was a positive link between explicit adaptation and working memory capacity 518 ( Figure 5B : βWMC = 0.39; p = 0.002). This link was also observed for the amount of explicit adaptation in 519 the relearning block (βWMC = 0.39; p = 0.004). 520 521 Figure 5: Link between working memory capacity (WMC) and explicit adaptation. A) Working memory capacity was lower 522 for older adults compared to younger adults. For three (of 81) subjects no working memory capacity data was obtained. B) A 523 positive correlation existed between explicit adaptation during the learning block and working memory capacity.
524
One disadvantage of the flanker dual-task was the serial design of the reaching and cognitive tasks. 525
Since the same cognitive resources could be used for the sequential tasks, the dual-task costs might 526 not be the best estimate of the amount of cognitive resources used for simple reaching movements 527 (despite the fact that there was a dual-task cost). Therefore, we used a second cognitive-motor dual-528 task design where a working memory task was performed in parallel to the reaching task. The working 529 memory task appeared suitable as we just showed that it is linked to the explicit component of In terms of adaptation, the results were largely similar to the results obtained in the first experiment. 535
We observed a decrease of final adaptation level for older compared to younger adults in the cued 536 visuomotor rotation experiment with a single learning block ( Figure 6A In the working memory dual-task design, the working memory capacity task was implemented as a 550 cognitive task during the baseline period ( Figure 2B ) in order to assess dual-task costs during 551 unperturbed reaching movements. The hypothesis remained unchanged from the first preregistered 552 study: we expected a negative link between two dual-task costs and explicit adaptation according to 553 the cognitive resources hypothesis. The dual-task cost variables were calculated as the relative difference in median reaction time for 555 reaching (Eq. 3) and as the relative change in working memory capacity (Eq. 4) from single to dual-task 556 condition (Analysis 4). The motor dual-task cost (Eq. 3) was not different between young and older 557 adults ( Figure 7A : Analysis 4: t(60) = 1.4, p = 0.18, d = 0.35). In contrast to our hypothesis, the cognitive 558 dual-task cost (Eq. 4) was not different between younger and older adults ( Figure 7B : Analysis 4: t(60) 559 = -0.78, p = 0.44, d = 0.20). The motor dual-task cost (Eq. 3) was not different from zero ( Figure 7A : 560 Young: t(29) = 1.2, p = 0.25, d = 0.21; Old: t(31) = -0.65, p = 0.52, d = -0.11). However, the cognitive 561 dual-task cost (Eq. 4) was positive, both for young and old ( Figure 7B : Young: t(29) = 4.2, p = 0.0002, d 562 = 0.76; Old: t(31) = 4.1; p = 0.0003, d = 0.72). This positive dual-task cost indicates that unperturbed 563 reaching partially depends on working memory capacity resources for both young and older adults. In 564 addition, it showed that the dual-task manipulation worked. However, contrary to our hypothesis, 565 older adults did not require more of these resources than younger adults did. 566
Finally, there was neither a link between motor dual-task cost (Eq. 3) and explicit adaptation ( Figure  567 7C: Analysis 5; β = -0.21; p = 0.22) nor a link between cognitive dual-task cost (Eq. 4) and explicit 568 adaptation ( Figure 7D : Analysis 5; β = -0.05; p = 0.73). One outlier appears to be present in Figure 7B -569 C, however, given the use of robust regression methods, the outlier does not cause the absence of 570 correlation. Therefore, we did not find any evidence for the cognitive resources hypothesis. The 571 absence of any robust link between other dual-task cost measures and explicit adaptation in the 572 flanker dual-task (Figure 4 ; Supplementary Table 1 ) and in the working memory dual-task ( Figure 7 ; 573 Supplementary Table 2) shows that it is unlikely that a link exists between the cognitive resources 574 required for unperturbed reaching in baseline and the level of explicit adaptation. 575 576 Figure 7 : Motor and cognitive dual-task cost. A) Motor dual-task cost calculated as the relative change in median reaction 578 time of reaching was not different between young and older adults. B) Cognitive dual-task cost for working memory capacity 579 was not different between young and older adults. C) No link was observed between explicit adaptation and motor dual-task 580 cost. D) No link between explicit adaptation and cognitive dual-task cost.
581
Working memory dual-task design (E2): Link between working memory capacity and 582 explicit adaptation confirmed 583 In this experiment, working memory capacity, which was quantified in the single-and dual-task 584 condition, was lower in older adults ( Figure 8A -B: Analysis 6: t(60) = 2.6, p = 0.01, d = 0.67; t(60)= 2.6, 585 p = 0.01, d = 0.67). As a confirmation of our earlier finding in experiment E1, we found a link between 586 explicit adaptation and working memory capacity in the single-task condition ( Figure 8C : Analysis 6: β 587 = 0.29; p = 0.03). This link did not reach significance in the dual-task condition ( Figure 8D : Analysis 6: β 588 = 0.18; p = 0.18). 589 
595
To conclude, we found no evidence for the cognitive resources hypothesis as none of the cognitive or 596 motor dual-task cost measurements in baseline were related to explicit adaptation for both dual-task 597 designs. In addition, cognitive and motor dual-task costs were not different for young and older adults. 598 However, in both experiments, working memory capacity was consistently linked with explicit 599 adaptation and working memory capacity was smaller in older adults. 600 t(60) = 2.6; p = 0.01
Working memory capacity single-task
Young Old
Working memory capacity single-task B Working memory capacity dual-task t(60) = 2.6; p = 0.01
Working memory capacity dual-task
Explicit adaptation
Working memory capacity single-task 0.5 1.5 2.5 3.5 limited to low levels of working memory load. While at higher loads, working memory performance 635 was lower in older adults and the increased brain activity disappeared (Mattay et al., 2006; Schneider-636 Garces et al., 2009; Cappell et al., 2010) . 637
The idea of reduced working memory contributing to decline of motor adaptation is in line with 638 Anguera et al. (2011) . They suggested that spatial working memory contributes to the age-related 639 deficits in visuomotor adaptation. They observed a link between a measure of visuospatial working 640 memory and early rate of learning. However, they note that the observed link would fail after 641 correction for multiple comparisons. We expanded their work by dissociating overall adaptation in an 642 implicit and an explicit component of adaptation, of which only the explicit component is known to be 643 affected with aging (Vandevoorde and Orban de Xivry, 2019) . In addition, we quantified visuospatial 644 working memory with a paradigm that allowed establishing the link with the explicit component 645 . By these adjustments together with bigger sample sizes, a robust link could be 646 observed between working memory capacity and the explicit component in two experiments, which 647 remained significant after correcting for age ( Figure 5B, Figure 8C ). In addition, older adults' working 648 memory capacity was lower than younger adults' capacity in both experiments ( Figure 5A , Figure 8A-649   B ). In addition, recently Rajeshkumar and Trewartha (2019) showed that, when reducing working 650 memory demands during motor adaptation by repeating a specific order of target locations, the 651 difference between young and older adults' adaptation rates disappeared. Together, this allows us to 652 confirm that working memory abilities seem to have an important contribution to the age-related 653 deficits of motor adaptation. 654
Since working memory appears to be robustly linked with explicit strategy, cognitive training might 655 resolve the age-related decline of motor adaptation. It would be interesting to verify whether 656 specifically training visuospatial working memory has an impact on the level of explicit strategy. This 657 approach has been attempted by Anguera et al. (2012) in younger adults, however, without success. 658
They even mention an opposite effect after extensive training of visuospatial working memory: The 659 training might have resulted in depletion of spatial working memory resources, which negatively 660 affected subsequent visuomotor adaptation. However, it appears that availability of working memory 661 resources can modulate the rate of adaptation in younger adults. Nevertheless, for older adults the 662 outcome might still be beneficial since working memory training is effective in elderly and might be a 663 useful tool for cognitive intervention (Klingberg, 2010; Karbach and Verhaeghen, 2014) . However, such 664 training study should be carefully designed given the limitations in working memory training literature 665 such as lack of consistency in experimental methods and findings (Morrison and Chein, 2011) . Since 666 correlation does not imply causation, it is recommended to design studies that verify causality between to further refine the region of interest, quantify explicit strategy directly, and disturb activity of this 702 brain region to investigate causality. 703
The goal of both cognitive-motor dual-task designs was to quantify the amount of cognitive resources 704 applied during unperturbed reaching movement. This is a common procedure in gait (Ebersbach et al., 705 2011) and balance studies (Melzer et al., 2001; Huxhold et al., 2006) ; however, for reaching 706 movements it has been reported for only a few studies (Bekkering et al., 1994; Pratt and Neggers, 707 2008; Ma et al., 2009) . The presence of motor and cognitive dual-task costs shows that performance 708 of both tasks was negatively affected by performing them simultaneously. This negative impact might 709 indicate that the same cognitive resources were required for both tasks and that the dual-task design 710 succeeded in its goal of measuring cognitive resources during reaching. For instance, a reduction of 711 working memory capacity with more than 20 % was observed when combining reaching with the 712 working memory capacity task; working memory capacity resources appear therefore to be involved 713 in unperturbed reaching. Dual-task costs are assumed to be an estimation for the amount of cognitive 714 resources applied (Boisgontier et al., 2013) . In our experiments, we did not observe differences in dual-715 task cost between young and older adults. However, it is likely that increasing the complexity of the 716 dual-task by reducing the time per trial or by asking to remember a higher number of red dots during 717 the working memory task (Figure 2 ) would result in different dual-task cost for young and old 718 participants. This would be in line with studies that reported a more pronounced effect of aging, when 719 the cognitive load of a cognitive-motor dual-task was higher (Boisgontier et al., 2013) . Nevertheless, a 720 relation between dual-task cost and explicit adaptation seems unlikely given the absence of any 721 relation so far ( Figure 4C -D, Figure 7C-D) . 722
In both the cognitive-motor dual-tasks and the adaptation experiments, a trial-by-trial reward was 723 provided to participants upon successful task performance. This reward was implemented to motivate 724 participants throughout the duration of the experiment. However, this reward-feedback makes it 725 impossible to dissociate performance driven by errors from performance driven by reward (Cashaback 726 et al., 2017) . Huang et al. (2018) recently showed that reward modulated adaptation learning rates 727 positively and similarly in both young and older adults. Therefore, reward might not have a differential 728 effect in our results. However, additional experiments are required with and without reward-feedback 729 to confirm this. Reward might also affect the relation between working memory capacity and explicit 730 adaptation. The working memory assessment in the flanker dual-task experiment was without reward-731 feedback, while during working memory dual-task a reward was implemented for working memory 732 trials. 733 were only observed for the cognitive task ( Figure 7A-B) , which might indicate that priority is given to 736 the motor task. However, if inspecting other dual-task costs ( Supplementary Table 1 ), it becomes 737 apparent that reaching was slower and more reaching errors occurred during the dual-task condition. 738 Therefore, the reaching was affected as well in the working memory dual-task and no priority was 739 given to one of the tasks. 740
The timing was different for the two dual-task experiments. A limitation of the flanker dual-task was 741 the serial design of the cognitive and motor task. Therefore, it resembled more a switching-task instead 742 of a dual-task (Monsell, 2003) . To tackle this limitation, we introduced the second dual-task with true 743 parallel features. However, even for the parallel design, no relation was observed between explicit 744 adaptation and dual-task costs. The cognitive tasks introduced in the baseline were different, but 745 single-task performance for both cognitive tasks appeared to be linked to explicit adaptation. 746
The first motor adaptation paradigm consisted of two learning blocks while the second paradigm 747 contained only one learning block. In addition, individual trials were strictly constrained in timing in 748 the second adaptation paradigm but not in the first paradigm. This might have resulted in different 749 explicit adaptation levels. However, a difference of explicit adaptation levels for both age groups was 750 present in both experiments, although maybe more pronounced in the second paradigm as suggested 751 by the higher effect size (E1: ɳ²=0.05, E2: ɳ² = 0.14). 752
Besides shared cognitive resources among the cognitive and motor tasks, an increased attentional cost 753 might explain why performance is reduced in dual compared to single-task (Wickens, 1980) . Therefore, 754 the cognitive dual-task cost in our working memory dual-task might reflect a divided attention between 755 the motor and cognitive tasks instead of an involvement of working memory resources in the 756 unperturbed reaching behavior. In addition, studies often link dual-task performance to other 757 components of the executive system, such as planning, shifting, inhibition or coordination (Meyer and 758 Kieras, 1997; Sigman and Dehaene, 2008; Watanabe and Funahashi, 2018) . Consequently, 759 interpretation of reduced dual-task performance is rather difficult which represents an important 760 limitation of this study. 761
However, it appears that dorsolateral prefrontal cortex, a brain region responsible for higher-level task 762 executive, is bringing several deficits together, since it is: 1) structurally degraded with aging), 2) likely 763 responsible for reduced explicit adaptation , 3) likely involved in dual-task 764 execution (Leone et al., 2017; Watanabe and Funahashi, 2018) , and 4) important for working memory 765 capacity . This brain region appears to be an interesting target when 766 designing future studies that investigate the cause for explicit strategy decline with aging. 767 768 In this paper, we found that older adults did not have higher motor or cognitive dual-task costs during 769 unperturbed reaching movements and that the observed dual-task costs could not explain the age-770 related decline in the explicit component of motor adaptation (Heuer and Hegele, 2008; Vandevoorde 771 and Orban de Xivry, 2019). Rather, we observed that the explicit component of motor adaptation was 772 reliably associated with working memory capacity. This suggests that the amount of working memory 773 resources of an individual is a good predictor for the magnitude of the explicit component during a 774
Conclusion and outlook
visuomotor rotation task. Our study leaves several questions unanswered: 1) Why do cognitive abilities 775 contribute to learning in simple motor tasks but not in motor adaptation? Is this linked to the nature 776 of the task itself? 2) How can we train people to overcome this decline? One possibility is to reduce 777 working memory demands in older adults during motor learning (Rajeshkumar and Trewartha, 2019) . 778
Another possibility is to train working memory capacity in older adults (Anguera et al., 2012) . 3) Are 779 the same mechanisms leading to a decline in the explicit component and to working memory or is 780 there a direct causal link between the decline in working memory and the decline in the explicit 781 component of adaptation? 782
Working memory can be approached as a multicomponent (Baddeley and Hitch, 1974) or as a state-783 based model (Esposito and Postle, 2015) . Therefore, to further explore the nature of the explicit 784 strategy decline in older adults, it might be useful to relate it to different states or components of 785 working memory. This approach would require the design of novel paradigms that can dissociate 786 working memory components with respect to explicit strategy development, an approach recently 787 initiated by McDougle and Taylor (2019) . This seems a promising approach to gain further insights in 788 the decline of explicit strategy with aging. 789
In order to overcome the decline of explicit strategy with aging, it needs to be tested whether targeted 790 cognitive training might resolve some of the deficits. Another possibility is the application of non-791 invasive brain stimulation, which is a technique that appears to be suited to restore some of the age-792 related deficits (Hardwick and Celnik, 2014; Orban de Xivry and Shadmehr, 2014; Grimaldi et al., 2016) . 793 A two-fold approach is possible to restore the decline of explicit strategy in elderly: Either directly, by 794 stimulation of a region such as dorsolateral prefrontal cortex that might temporary boost some 795 working memory resources (Seidler et al., 2017) , or indirectly, by stimulation of the cerebellum that 796 might boost, the already intact, implicit component of motor adaptation. Finally, we expect that the 797 observed age-related decline of explicit strategy is having widespread consequences on other features 798 and components of motor adaptation such as reduced generalization, increased interference of motor 799 memories, reduced savings and reduced reinforcement learning.
